Abstract. We present the association rates between solar energetic particles (SEPs) and the radio emission signatures in the corona and IP space during the entire solar cycle 23. We selected SEPs associated with X and M-class flares from the visible solar hemisphere. All SEP events are also accompanied by coronal mass ejections. Here, we focus on the correlation between the SEP events and the appearance of radio type II, III and IV bursts on dynamic spectra. For this we used the available radio data from ground-based stations and the Wind/WAVES spacecraft. The associations are presented separately for SEP events accompanying activity in the eastern and western solar hemisphere. We find the highest association rate of SEP events to be with type III bursts, followed by types II and IV. Whereas for types III and IV no longitudinal dependence is noticed, these is a tendency for a higher SEP-association rate with type II bursts in the eastern hemisphere. A comparison with reports from previous studies is briefly discussed.
Introduction
Solar energetic particle (SEP) events are transient flux enhancements of electrons, protons and ions due to acceleration processes in the solar corona and interplanetary (IP) space. The high energy particles can pose a serious risk for the near Earth and ground-based technological devices, may dis-turb communications and be a health hazard (Mewaldt, 2006) . This is why energetic particles are of major space weather interest. The accelerator of these particles, however, is still a subject of debate. Presently, the reconnection processes during flares (Cane et al., 2002) and the shock-acceleration at coronal mass ejections (CMEs), Reames (1999) , are recognized as efficient particle accelerators. An important issue is whether both acceleration processes act simultaneously with comparable efficiency or one of them dominates the particle energization process. In the current two-class SEP picture, the flares are thought to dominate the impulsive events and the shock waves dominate the large gradual events. Observations, however, are not able to relate unambiguously the SEP parameters measured in situ to the parent solar activity (e.g., flares vs. shocks). The large uncertainties usually present when doing different correlation analyses may arise due to the poorly known particle transport in the turbulent IP magnetic field, the magnetic connection between the acceleration site and the Earth, and that SEPs are often just measured at a single point in space.
Radio observations can provide additional information and constraints for identifying the particle accelerator in the corona and IP space. When nonthermal electrons propagate through the solar corona they may emit radio waves, if certain conditions apply (Nindos et al., 2008) . The different types of radio bursts in the dynamic radio spectrum (see e.g., a review by Pick and Vilmer (2008) ), are usually interpreted as signatures from electrons accelerated in the vicinity of a shock wave (type IIs), as electron beams (type IIIs) or as electrons confined in closed loop structure during the early evolution of a CME (type IVs). Type III bursts usually extend to low frequencies (reaching as far as the Earth orbit, ∼20 kHz) which is the main indicator that accelerated electrons (and by inference also protons) can efficiently escape from the solar corona (Cane et al., 2002) . Interplanetary counterparts of type II are also observed, but to lesser extent, whereas type IVs can be seen only to few MHz, but not to lower frequencies. Here we focus on the comparison of the particle (mainly proton) intensities measured in situ with the electromagnetic emission of electrons in the corona and IP space over the entire solar cycle 23.
Numerous previous studies reported different association rates of SEPs and emission of radio bursts of type II (Cliver et al., 2004; Gopalswamy et al., 2008) , III (Cane et al., 2002) and IV (Kahler, 1982) . The aim here is to identify the different types of radio emission from the dynamic spectra, to complement our results with reports from the different radio observatories and to compare them with previous works on the topic.
Particle data
In the present work we selected all proton events with energy above 25 MeV as identified by Cane et al. (2010) that are associated with both strong flares (X and M-class) at eastern and western heliolongitudes and CMEs. Here we will differentiate the SEP events into eastern/western only and not by other SEP classifications schemes (Reames, 1999; Cliver, 2009) , since any classification may leave out many 'mixed' cases in abundances, charge states, associated phenomena, etc. However, in order to facilitate comparison with previous work, we note if the SEP event was described as 'gradual' or 'impulsive' in Reames and Ng (2004) and Cliver and Ling (2009) by the superscripts 'g' and 'i', respectively.
In order to improve the statistics for the radio analysis (see next Section) we included SEP events that have high background level due to a previous event 1 , that are observed during SOHO data gap, those for which no value for the peak intensity was given due to instrument saturation (with superscript 's') and those with parent activity at the limb (with superscript 'l' we denote events at the solar limb and with 'c', events close to the disc center, between ±10 degrees in heliolongitude). That lead finally to 175 particle events during solar cycle 23, of which 49 had sources in the eastern hemisphere, 124 in the western and two had uncertain source locations.
Radio spectrograph data
The radio emission observed on ground and in space is usually presented in a frequency vs. time plot, where the strength of the radio emission is color-coded. This is known as a dynamic radio spectrum. Several features were recognized on such spectrum plots, e.g., fast drifting emission stripes extending from high to low frequencies (type IIIs); slowly drifting lanes of emission (type IIs) and a broad band stationary or/and drifting emission of type IV. Each of these radio emission types is a result of a unstable electron population (produced by a different process) generating Langmuir waves that convert into electromagnetic radiation via wave-wave processes. Namely, type IIs are usually assumed to be the shock signatures in the corona/IP space (Nelson and Melrose, 1985) , type IIIs are electron beams propagating through the corona (Suzuki and Dulk, 1985) , and the type IVs are the signatures from trapped electrons in coronal loops (Stewart, 1985; Pick, 1986) . Here, we will use this standard interpretation for the radio burst emission in order to identify the probable particle accelerator. As a preparatory work for the analysis we collected all available radio spectral data (summarized in Table I ) and the associated GOES soft X-ray (SXR) emission for each SEP event. The results of the associated radio bursts to each particle event are summarized in Tables II and III . There, we start with the SEP event date followed by the onset (in UT) of the SXR emission associated with each event as provided by GOES satellite (1−8 Å channel). The so-identified radio emissions of type II, III and IV are organized in several frequency (wavelength) ranges in Tables II and III . Namely, the decimeter (dm) range is subdivided into high (0.8−3 GHz) and lower (0.3−0.8 GHz) frequency parts. Similarly, we divided the metric (m) range into 100−300 and 30−100 MHz subbands. The IP space (dekameter/hectometer, DH, and kilometer wavelengths) is represented by one column. The radio bursts were ordered by their type and not by their temporal appearance on the radio spectral plot.
Since we primarily used quicklook radio spectral data where image quality may be low, we also collected all available radio observatory reports for each event. In case radio emission of a given type was reported but could not be identified by us (due to low resolution of the actual image or because no radio spectrum plot was found), we give the result in squared brackets in Tables II and III . Any uncertain radio burst identification is indicated by a question mark following the roman number of the corresponding radio burst type. Weak emission signatures are denoted with superscript 'w', delayed emission with 'd' and low (high)-frequency emission onset with 'LFo' ('HFo'). Unclassified emission is given with 'UNCLF', fine structures with 'FS' and fundamental-harmonic emission with 'FH'. Continuum ('CONT') and decimeter ('DCIM') emission in the 0.3−3 GHz range is considered as type IV-like emission in the analysis. The complete particle event list together with the associated radio bursts is given in Tables II and III (for western and eastern events, respectively).
Results
The results are given as normalized number of the SEP events vs. radio frequency for each wavelength range (dm, m and DH), see the histograms on Figure 1 , for eastern (on the left) and western (right) SEP events. The numerical value of the association rates, graphically presented on the histograms, is given by the height of each color bar. The SEP events associated with specific burst types as identified on the radio spectral plots are given with black color. With dark gray is shown the association in cases where the burst type was only given in the observatory reports (no spectra found at present) or where its identification is questionable. Whenever we give a value for an association rate, we will always sum up these two sections. Finally, with light gray color we denote the number of SEP events for which no radio information could be found (neither plots nor observatory reports). The majority of the missing radio plots is in the dm-range due to poor data coverage. Note that the highest discrepancy between the results given by us and by observatory reports is for the type II burst identification in the DHrange. This is mostly due to the weak and intermittent appearance of the IP type II bursts which makes an identification on quick-look plots difficult. In addition, the subjectivity of the observer plays a prominent role here, whereas the DH-type III identification, for example, is straightforward.
On the histograms, the number of events in each column is normalized to the total number of events in each group (eastern and western, correspondingly) and is also given explicitly in Table IV . While representing the association rate in the dm and m-range, we chose the greater association rate among their two subbands. For the total number of SEP events, given with 'All' in Table IV , we sum up the eastern, western and the uncertain SEP events. Since the dm-type II burst and the DH-type IV bursts are intrinsically rare phenomena, they will be excluded from the further analysis.
The highest association rate of SEPs is with the m and DH-type III bursts, usually 90% (see Table IV for details). A much lower association rate between SEPs and type IIIs is found in the dm-range (from about 30 to 50%). No dependence on the eastern vs. western heliolongitudes is seen for type III and type IV bursts, with the association rate of the type IV bursts being in the range from 50% up to 75%. In contrast, the SEP-association rate with the 30−100 MHz metric (94%) and the DH type II bursts (88%) is slightly higher for eastern SEP events than for western ones (71 %).
Discussion
We present the association rates of the SEP events (protons) and their accompanying radio emission (from electrons) in the corona (dm and m wavelength) and IP space (DH-range). Since there are no signatures of protons interacting with the solar atmosphere (with the exception of gamma-ray emission), we use electron signatures as a diagnostic for particle acceleration from the corona up to 1 AU. Cane et al. (2002) were the first to identify long-lasting groups of DH type III bursts as a typical radio counterpart of large SEP events. They found the groups to be of significantly longer duration than type III bursts associated with impulsive flares, see also MacDowall et al. (1987) . In the analysis performed here, we did not take into account the burst duration of DH-type III, nor explicitly separate the SEP events into gradual or impulsive. Still we find that SEP events have the highest association rate with type III radio bursts. This implies that the electrons accelerated in the corona (within one solar radius) have a ready access to the IP space, irrespective of whether the SEP event is impulsive or gradual.
Shock signatures (type II bursts) were also considered in correlation studies with SEP events. We found a lower association rate (up to 75%) of the DH-type II bursts with SEP events, compared to the m-and DH-type III association rates. The number increases when only SEP events with strong intensities are considered, in agreement with Gopalswamy et al. (2002) and Cliver et al. (2004) .
The association of SEP events with types III and IV is comparable in the eastern and western groups (see Figure 1) . But for the type II bursts there is a slight trend for a higher association rate in the eastern hemisphere. This result could be understood it terms of different sources contributing to SEP events. Shocks could be the dominant accelerator when the parent activity is poorly connected to Earth (as in the eastern solar hemisphere). In the western hemisphere (where more than twice as many events were detected) both flare and shock acceleration could contribute. When no shock signatures accompany the eastern SEP events, their propagation through the IP space and detection at Earth could be facilitated by a large-scale magnetic structure, e.g., interplanetary coronal mass ejections (ICMEs). Richardson et al. (1991) estimated that for about 15% of the eastern events this is likely the case. Recently Miteva et al. (2013) showed similar occurrence rate of ICMEs for the western SEP events (20%).
The association with the type IIIs seems to be increasing with the decreasing of the radio frequency (from dm to DH-range). At first, the type III identification in the dm-range might be masked due to overlying decimeter continuum often present in the dynamic radio spectra (observational bias). Hence, the obtained association rates of dm-IIIs are to be considered as lower limits only. In addition, high frequencies and dense plasma impede the production and growth of Langmuir waves. Also, the electron beam must travel an 'instability distance' from the acceleration site before Langmuir waves are generated (Reid et al., 2011) . This can cause a lack of high frequency type III emission in even the most energetic of electron beams. Moreover, collisions of both waves and electrons can suppress Langmuir wave growth at high frequencies, e.g., Kane et al. (1982) ; Reid and Kontar (2012) .
Without the intention to give a complete overview on the results from previous work, we selected few statistical studies that are (partially) covering solar cycle 23. The different association rates are given in Table IV and are mostly consistent, although in many earlier studies only large SEP events were considered. 
